In our studies on cellulose biosynthesis in the developing cotton fiber, we have been investigating the utilization of UDPglucose by enzyme systems present in the cotton fiber. We have done this because, for a variety of reasons (3), UDP-glucose can be considered as a likely precursor to cellulose. However, UDPglucose can also serve as a precursor to such compounds as sucrose (4) and steryl glucosides (8, 15) in plants, and it is well known that in a variety of plant tissues, UDP-glucose can also serve as a substrate for the synthesis of /-,(1 -* 3)-glucan (2, 5, 6, 20-22), or for the synthesis of a glucan with mixed f3-(1 -+ 3) and 18-(1 --4) linkages (14, 19).
In our studies on cellulose biosynthesis in the developing cotton fiber, we have been investigating the utilization of UDPglucose by enzyme systems present in the cotton fiber. We have done this because, for a variety of reasons (3) , UDP-glucose can be considered as a likely precursor to cellulose. However, UDPglucose can also serve as a precursor to such compounds as sucrose (4) and steryl glucosides (8, 15) in plants, and it is well known that in a variety of plant tissues, UDP-glucose can also serve as a substrate for the synthesis of /-,(1 -* 3)-glucan (2, 5, 6, (20) (21) (22) , or for the synthesis of a glucan with mixed f3-(1 -+ 3) and 18-(1 --4) linkages (14, 19) .
We have studied the utilization of UDP-glucose by cotton fibers harvested at the onset of secondary wall cellulose synthesis, determining and comparing the activities both in fibers detached from the ovules ("semi-intact fibers"), and in a particulate fraction isolated from homogenized fibers. Since UDPglucose can serve as substrate for several different enzyme systems, we have analyzed for a variety of possible reaction prod-1 Supported by the U.S. Energy Research and Development Administration under Contract E(1 1-1)-1338. ucts, and by using different UDP-glucose concentrations and addition of cofactors, have attempted to decrease some of the side reactions and to promote the synthesis of alkali-insoluble glucans. In this paper, we shall be discussing the kinetic and physiological properties of an enzyme involved in glucan synthesis from UDP-glucose in cotton fibers without regard to the nature of the linkages of the product(s). Activity for this enzyme is present in high levels in a cell type actively engaged in secondary wall cellulose synthesis. Data in a companion paper (10) show that the predominant product is not cellulose, but rather a noncellulosic glucan with predominately f8-(1 --3) linkages. Plants Detached Fiber Assay. Fibers of known age were removed from the boll, divided into 50-mg aliquots, and placed in tubes containing 2 ml 0.01 M TES buffer (pH 7.5) containing 1 mm EDTA. The fibers were agitated on a Vortex mixer with a small spatula in the tube until thoroughly wetted (about 30 sec). The individual aliquots were then removed from the tubes, drained on paper towels, and a single aliquot was placed into each reaction mixture at room temperature to start the enzyme assay.
MATERIALS AND METHODS

Growth of
For standard assays, under low UDP-glucose concentration (hereafter designated as Low U-CB, UTP), the fibers were incubated in a final volume of 0.25 ml containing 12.5 ,umol of TES buffer (pH 7.5), 1.25 Whatman GF/A glass fiber filters, thoroughly washed with water followed by chloroform-methanol (1:2), and counted in BioSolve.
Sucrose Density Gradient Centrifugation. Crude homogenate, prepared as described above, was layered onto a sucrose gradient (15-45% sucrose, w/v) containing TES buffer, DTT, and EDTA in the same concentration as the homogenate. The samples were centrifuged at 4 C for 2 hr at 114,000g in a Beckman SW 65 rotor. The gradient was fractionated and assayed as described above except that 10 mg of cellulose was added after boiling.
Identification of Reaction Products Other Than Insoluble
Products. Sucrose was identified by filtering the incubation medium through Whatman DE81 paper, thus removing the remaining UDP-[14C]glucose. The solution which passed through the DE81 filters, when separated by paper chromatography, yielded one radioactive spot which migrated coincident with sucrose. Digestion of the filtrate by a highly purified invertase (Sigma, grade X) followed by paper chromatography showed glucose to be the only resulting radioactive product. Sterylglucosides and acetylated sterylglucosides were identified as the sole chloroform-methanol-soluble products by comparing the relative mobilities of these products to reported values (8, 15) after chromatography on silica gel plates (Brinkmann Polygram Sil G) with chloroform-methanol-H20 (65:25:4) as solvent.
RESULTS
The time course of cotton fiber development has been determined under our growth conditions (13) . Briefly to 66% of the substrate within 10 min. Under these conditions, only a minor fraction of the substrate was incorporated into insoluble product(s). The substrate was primarily used for the production of sucrose and, to a lesser extent, of chloroformmethanol-soluble products. The ratio of sucrose to chloroformmethanol-soluble to insoluble product(s) under these conditions was 2,600:20:1. TLC of the chloroform-methanol-soluble products gave two peaks with RF of 0.70 and 0.86, corresponding to sterylglucosides and acetylated sterylglucosides, respectively (8, 15) . The possibility that these compounds could serve as intermediates in glucan synthesis seems remote since they do not appear to exhibit turnover of the glucose moiety. If Incubation of the fibers with a high UDP-glucose concentration (1 mM) resulted in increased production of all products, but the relative production of insoluble product(s) to other products was greatly enhanced. Thus, the ratio of sucrose to chloroformmethanol-soluble products to insoluble product(s) was now shifted to 18:0.5:1.
Activators of Glucan Synthetase Activity in the Detached Fiber Assay. Synthesis of insoluble product can be markedly increased by the addition of /3-linked glucosides and UTP to the incubation mixture. However, the details of the effect were different depending upon the level of UDP-glucose present (Table I). Whereas at high UDP-glucose concentrations addition of /8-linked glucosides alone was sufficient to enhance product formation, at low UDP-glucose concentrations it was necessary also to add UTP. Figure 1 shows that the UTP effect is observed only at substrate concentrations below 50 ,UM. The activating effect of the glucosides was relatively specific for the /3 linkage. In light of recent observations by Ray (16) Figure 2 . Activity increases with increasing cellobiose concentrations and no inhibition is observed even at high concentrations of cellobiose. Optimal UTP concentration was found to be approximately 0.6 mm. For standard assays, we have chosen to use 10 mm cellobiose and 0.6 mm UTP.
Kinetics with respect to UDP-glucose concentration was also examined with the detached fiber assay in the presence or absence of CB. At low substrate concentrations, the kinetic data do not follow the standard Michaelis-Menten form and suggest substrate activation (Fig. 3A) . The effect of CB is to shift the range of this activation to lower substrate concentrations. Since enzyme activity remains constant throughout the time course of these experiments even in the absence of CB, stabilization, rather than activation, by CB can be ruled out. At high concentrations of UDP-glucose, kinetic data approach the standard Michaelis-Menten form. Lineweaver-Burk plots of data obtained at high UDP-glucose concentrations (Fig. 3B) yield an identical Vmax with or without cellobiose; the apparent Km for UDP-glucose without CB is 5 mm and with CB is 1.7 mM.
Possible Explanation of the CB-UTP Effect. The unusual requirement for both CB (or other 8-linked glucosides) and UTP at very low UDP-glucose concentrations could be explained in several ways. One possibility is that there is a single glucan synthetase with a low affinity for UDP-glucose and stimulated only by CB, and that UTP is required because it inhibits competing reactions such as sucrose synthesis, or because it serves as a substrate for the UDP-glucose pyrophosphorylase reaction and thereby raises the concentration of UDP-glucose to a range where substrate activation and thus, higher product production occurs. A second possibility is that there are two glucan synthetases, one with a high affinity for UDP-glucose and requiring both CB and UTP for activity, and a second with a low affinity for UDP-glucose and stimulated only by CB. Because Kinetics of glucan synthetase with varying UDP-glucose concentrations. Standard detached fiber assays were run as described under "Materials and Methods" with the exception that the UDP-glucose concentration was varied and initial reaction rates were determined for each substrate concentration. V = nmol product formed/hr' 50 mg fibers; A: V versus S plot at low UDP-glucose concentrations; B: Lineweaver-Burk plot at high UDP-glucose concentrations; (0-0): no effectors; ( C-A):GB (10 mM) present. the enzyme(s) studied are by no means purified, no definitive conclusion can be given, but the following data strongly indicate that the explanation is most likely the one involving UDPglucose pyrophosphorylase. First, no significant inhibition by UTP of competing reactions (sucrose or sterylglucoside synthesis) has been observed (data not shown). Second, the linkages in the glucan product obtained either under Low U-CB, UTP or High U-CB conditions appear to be, within the limits of our analyses, identical, indicating although not proving, a single enzyme. Third, if [14C]glucose-1-P is substituted for UDP-
[14C]glucose at low substrate concentrations (Table II) , incorporation of radioactivity into acetylated and nonacetylated sterylglucosides occurs only when UTP is present. CB neither activates nor inhibits this activity. Incorporation of radioactivity into insoluble product, however, requires both CB and UTP. Such a result is entirely consistent with the conversion of UTP and glucose-i-P into UDP-glucose and PPi. The UDP-glucose thus produced can be used either for the synthesis of sterylglucosides (± CB) or for glucan (+ CB). Under the Low U-CB, UTP assay conditions, endogenous glucose-i-P must be present to support such a reaction sequence.
Further support for this explanation is our finding that pyrophosphate is a potent inhibitor of glucan synthesis under Low U-CB, UTP conditions, and that there are very high levels of UDPglucose pyrophosphorylase in cotton fiber extracts at all stages of fiber development (3). CaC12 574 damaged in order to exhibit activity. Certainly damage does occur in removing the fibers from the ovules, and since fibers developing in the boll are tightly interwoven, it is infeasible to assay them in an undamaged state. With fibers cultured in vitro (1), the submerged portion of fibers is easily assayed intact by simply removing them from the culture medium, gently washing in buffer to remove this medium, and then placing ovule plus fiber in the assay, having only the lower fibers submerged. At the end of the incubation, the lower fibers are cut off and extracted as for the standard assay, and incorporation is compared to similar incubations where the lower fibers were cut from the ovule prior to assaying. In our first attempts at these experiments, substantial incorporation into insoluble product (40% of cut fiber activity) was observed; however, as we became more careful in our washing and handling of the fibers, we now observe that activity under Low U-CB, UTP or High U-CB conditions in uncut fibers is never more than 10% of the activity obtained with a comparable amount of fibers cut from the ovule before the assay. Thus, it appears that the fibers do require some damage in order for activity to occur. activity in this fraction (a large part of this activity is soluble under our extraction conditions) or by lack of the second substrate, glucose-i-P. The latter certainly appears to be a contributing factor since addition of CB, UTP and glucose-i-P does stimulate activity, and as for detached fibers, [14C]glucose-l-P, in high concentrations, can serve optimally as substrate only in the presence of both CB and UTP. Table IV also shows that Mg2+ and digitonin are essential for maximal activity.
The broad distribution of the activity obtained on a sucrose density gradient indicates that under our conditions of extraction, the activity is associated with a mixture of different organetle fractions.
The particulate fraction is most active between 16 and 18 days postanthesis, just at the time of onset of secondary wall synthesis and just before the cell walls show a distinct birefringence (Fig.  4) Figure 3A shows that if single glucan synthetase is present, it shows substrate activation by UDP-glucose in the lower concentration ranges (0.01-0.1 mM). The glucan synthetase described here seems to resemble closely the f8-(1-->3)-glucan synthetase in Avena coleoptiles (22) which showed stimulation by CB and substrate activation UDP-glucose. It differs in that the Avena enzyme is not stimulated by divalent cations as is the cotton fiber enzyme.
The level of activity of the noncellulosic glucan synthetase(s) in detached cotton fibers is quite high. A moderately high centage (up to 15%) of the High U-CB activity was also recovered in an isolated particulate fraction. This is in contrast to the cell surface glucan synthetase activity described by Shore and MacLachlan in pea stems (17, 18) ; in that case a lower percentage (3-5%) of a similar activity was detected in cell-free homogenates. The initial rates of activity in cotton fibers at early stages of development exceed our calculated rates of in vivo cellulose deposition; however, these rates are obtained using 1 mm UDPPlant Physiol. Vol. 59, 1977 glucose as substrate, a concentration which could exceed the endogenous levels (9, 19) .
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